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The Hard VHE 7-Ray Emission in High-Redshift TeV Blazars: 
Comptonization of Cosmic Microwave Background Radiation in 

an Extended Jet? 

Markus Bottcher^, Charles D. Dermer^, and Justin D. Finke^'^ 

ABSTRACT 

Observations of very-high-energy (VHE, E > 250 GeV) 7-ray emission from 
several blazars at 2; > 0.1 have placed stringent constraints on the elusive spec- 
trum and intensity of the intergalactic infrared background radiation (IIBR). 
Correcting their observed VHE spectrum for 77 absorption even by the lowest 
plausible level of the IIBR provided evidence for a very hard (photon spectral 
index Fph < 2) intrinsic source spectrum out to TeV energies. Such a hard VHE 
7-ray spectrum poses a serious challenge to the conventional synchrotron-self- 
Compton interpretation of the VHE emission of TeV blazars and suggests the 
emergence of a separate emission component beyond a few hundred GeV. Here 
we propose that such a very hard, slowly variable VHE emission component in 
TeV blazars may be produced via Compton upscattering of Cosmic Microwave 
Background (CMB) photons by shock-accelerated electrons in an extended jet. 
For the case of lES 1101-232, this component could dominate the bolometric 
luminosity of the extended jet if the magnetic fields are of the order of typical 
intergalactic magnetic fields {B ~ 10 /xG) and electrons are still being accelerated 
out to TeV energies (7 > 4 x 10^) on kiloparsec scales along the jet. 

Subject headings: galaxies: active — BL Lac Objects: individual (lES 1101-232) 
— gamma-rays: theory — radiation mechanisms: non-thermal 
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Introduction 



More than a dozen blazars have now been detected as sources of VHE 7-ray emission. 
Almost all of these objects are high-frequency-peaked BL Lac objects (HBLs) at low red- 
shifts {z < 0.2). The low redshifts can be attributed to the absorption of VHE 7-rays by 
the IIBR. However, the level of the HBR in the local universe and its evolution with red- 



shift are very difficult to measure directly (e.g.. iHauser fc Dwekll200ll ). Consequently, the 



intensity and spectral energy distribution of the HBR and the resulting optical depth of the 
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The 77 opacity of the Universe for GeV - TeV photons is generally increasing with 
increasing photon energy and with increasing redshift. Therefore, any observed VHE 7- 
ray spectrum with a local photon spectral index Fobs (for $obs(-E) [ph/(cm^ s)] oc E'^"^"") 
corresponds to an intrinsic spectral index Tint < Eobs at the source, i.e., the intrinsic VHE 
7-ray emission at the source must not only be more luminous, but its spectrum must also 
be harder than the observed one. A strict upper limit on the intensity of the HBR at the 
maximum of its spectral energy di s tribut ion (SED) around 1.5 fim of ~ 14 nW m^^ sr^^ has 
been inferred by I Aharonian et al.l (120061 ) based on the argument that any plausible mecha- 
nism of particle acceleration and radiative cooling will result in an effective particle spectral 
lindex p > 2 (where ne(7) cx: 7~^). For any plausible radiation mechanism (most notably 
Compton scattering), thi s would correspond to a limiting i ntrinsic photon spectr al index of 
Tint > 1-5. According to lAharonian et al.l (120061 ) (see also. iMazin fc Raud 120071 ) the upper 
limit on the 1.5 /xm HBR intensity from the requirement Fjnt > 1-5 for the case of lES 1101- 
232 i s now rather close to the lo wer limit from direct galaxy counts [e.g. 
2000h . Requiring that Tj^ 



ible with observations ( Hauser fc Dwek 



> 2 (Dermei 



Madau &: Pozetti 



2007)) allows a low intensity IIBR that is compat- 
200 ll ). However, recent numerical simulations by 



Stecker et al.l (120071 ) indicated that particle spectra with g < 1.5 can result from diffusive 
shock acceleration at relativistic shocks, which loosens the constraints on the IIBR inferred 



by lAharonian et al.l (l2006l). In this context, i t should also be menti oned that acceleration at 



shear flows (e.g. 
Fermi acceleration 



Stawarz &: Ostrowskj 



[e.g. 



2002 



Virtanen &: Vainiof 



Rieger fc Duffyll2006l ) as well as second-order 



20051 ) may lead to ultrarelativistic particle accel- 
eration into particle distributions as hard as g ~ 1 or even iniection of particle distribution s 



with low-energy cutoffs at ultrarelativistic energies (lDerishevll2003l ; IStern &: Poutanenll2008l ). 
Subsequent radiative cooling will then produce relativistic electron spectra with a canonical 
index of p = 2. 



Based on the IIBR spectrum inferred from the constraints described above. 



Aharonian et al 
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( l2007al ) reconstructed the intrinsic VHE 7-ray spectrum of the HBL lES 1101-232 ai z = 
0.186, which has recen tly been detected as a VHE 7-ray source by the H.E.S.S. array 
( lAharonian et aLl |2006| ) . Their reconstruction was based on the hmiting value of the in- 
trinsic spectral index of Tint ~ 1-5, corresponding to p ~ 2.0 (for Compton emission in the 
Thomson limit). Even for the minimum plausible value of the IIBR intensity, they inferred 
that the peak of the high-energy component of the SED must be located at Ep > 3 TeV. 
While the broadband SEDs of HBLs detected at VHE 7-ray s can genera lly be fit with basic 
synchrotron-self-Compton (SSC) models (see, however iFinke et al.ll2008l . for PKS 2155-304), 
they are very hard-pressed t o reproduce such an extremely hard GeV - TeV spectrum (see. 



e.g.. lAharonian et al.ll2007al ). This is because at those energies the SSC spectrum exhibits 
strong intrinsic curvature due to Klein-Nishina effects: the number of soft photons that can 
efficiently be scattered (in the Thomson regime) steadily decreases with increasing scattered 
(7-ray) photon energy. Therefore, even an electron spectrum with p = 2 will generally pro- 
duce an SSC spectrum with local spectral index at GeV - TeV energies of Tint > 1.5. One 
way to overcome this problem could be a very high l ow-energy cutoff of the e lectron en- 
ergy distribution (7min ^ 10^), as recently suggested by iKatarzyhski et al.l (120061 ). However, 
maintaining such a high-energy cutoff over the relevant radiative time scale would require 
that the emission region is radiatively inefficient, which is unlikely. 

The extremely hard intrinsic GeV - TeV spectrum of lES 1101-232 might suggest that 
there is an additional, very hard spectral component emerging above the SSC emission at 
those photon energies. Here we propose that such a component could be produced through 
Compton upscattering of the cosmic microwave background (CMB) radiation in the extended 
region of the jet. This mechanism has previously been considered as a way to explain the 
hard X-ray emissio n in the extended jets of several rad io quasars and radi o gala xies resolved 
with Chandra (e.g.. lSambruna et al.ll2004j ). see however lAtoyan fc Dermeii (120041 ). The X-ray 
spectra of many of those extended jet components are very hard with ~ 1.5, suggesting 
that even in the case of mildly beamed jets of non-blazar radio-loud AGN such emission 
might extend into the MeV - GeV range. It seems then worthwhile to investigate whether 
in the case of blazars, such an emission component could even extend into the GeV - TeV 
regime and produce a quasi-steady plateau of very hard VHE emission. 

Throughout this paper, we refer to a as the energy spectral index, F^, [Jy] oc z^~° and 
the photon spectral index Fph = a + 1. A cosmology with Qm = 0.3, = 0.7, and 
Ho = 70 km s~^ Mpc~^ is used. In this cosmology, and using the redshift of z = 0.186, the 
luminosity distance of lES 1101-232 is di = 905 Mpc. 
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2. Compton upscattering of the CMB to VHE 7-rays 

The CMB at the source at redshift z is a thermal blackbody spectrum with a tem- 
perature TcMB = {1 + z) X 2.72 K. Its local energy density is mcmb = (1 + z)^ x 4.02 x 
-j^g-is gj,gg Pqj, purpose of an analytical estimate, the CMB can be approxi- 

mated as a monochromatic radiation field at a normalized mean photon energy ecMB = 
{hucMB / rrieC^) ~ (1 -|- 2;) x 1.2 x 10~^. If the emission region is moving with respect to 
the local AGN frame with a bulk Lorentz factor F, the CMB radiation field is boosted into 
the comoving frame by a factor of F in photon energy and a factor of F^ in energy den- 
sity. In the following, we scale F = 10 Fi, and, accordingly, the Doppler boosting factor 
D = (F[l — /3r cos 6'obs])~^ = 10 -Di, where ^obs is the observing angle. Primed quantities 
refer to the co-moving frame of the emission region. 

Efficient Compton upscattering of the CMB into the 7-ray regime with the observed 
very hard intrinsic spectrum of lES 1101-232, requires that the scattering occurs in the 
Thomson regime which is possible for electrons with Lorentz factors of 7' < {AreQ^^^-Q)^^ = 
2.1 • lO^F^f^ (1 + z)~^. Such electrons will Compton scatter CMB photons up to energies 
of e°^^3^ ^ 5.3 X WDi F^^ (1 + z)-^ or E^^^ ^ 27 Di F^^ (1 + z)-^ TeV in the observer's 
frame. Thus, if electrons can be accelerated to TeV energies, they will be able to upscatter 
CMB photons into the TeV regime in the Thomson limit. Specifically, to scatter a CMB 
photon up to 1 TeV in the observer's frame, a comoving electron Lorentz factor of 7^gY = 
4.0 X 10^ (DiFi)"^/^ is required. The radiative coohng time scale due to Compton cooling 
in the co-moving frame is 

T^MB(7Tev) = 6.3 X 10=^ rf/' (1 + z)-' jr. (1) 

Based on this cooling time scale it will in principle be possible to accelerate electrons 
out to 7xcv magnetic field values exceeding B' > 1.2 x 10'^"^ D^^ Ti (1 + z)* G, which 
does not impose a serious constraint. CMB Compton cooling will dominate over synchrotron 
cooling for a co-moving magnetic field value of 

S'<3.2 X 10"^ Fi (1 + ^)2 G. (2) 

The resulting synchrotron emission produced by electrons with energy 7^gY will peak at 
^ < 2.19 X 10^^ (1 + z) Hz, i.e., typically in the UV or soft X-ray bands. The dominance of 
CMB Compton cooling over synchrotron cooling is required in order for the CMB Compton 
emission to be at least at a comparable level to the synchrotron emission from the same 
electrons. The required low magnetic fields are much lower than the magnetic field strengths 
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inferred for the presumably near-central (sub-pc) regions of the jet from where the bulk 
of the observed optical - X-ray - GeV 7-ray emission from blazars is generally believed to 
originate. This points towards an origin in the outer (pc - kpc scale) regions of the jet, where 
the magnetic fields might approach characteristic interstellar magnetic field values of a few 
tens of fiG. The resulting magnetic jet luminosity will be L^ag ~ 1-5 x 10^^ Rf^Tf ergs s~^, 



where Ris is the (poorly constrained) cross-sectional radius of the jet in units of 10^*^ cm, 
and thus several orders of magnitudes less than the total luminosity required to power the 
emission. This indicates that the jets must be particle dominated at the site of the VHE 
7-ray production through CMB upscattering, even for a pc-scale transverse extent of the jet. 

A key prediction from the inferred long cooling time scale given above is that the CMB 
Compton emission, as well as the synchrotron emission associated with the same emission 
region, will be slowly variable. This is another reason why the magnetic-field energy density 
in the VHE emitting region should be lower than the CMB energy density: otherwise this 
would contradict the observations of rapid variability throughout the synchrotron component 
(in p articular, at optical and X-ray frequencies) of most blazars, in cluding lES 1101-232 



[e.g., iRemillard et al.l Il989l : iRomero et al.l Il999l : IWolter et al.l I2OOOI ) . We therefore argue 
that the rapidly variable synchrotron emission originates on substantially smaller (sub-pc) 
scales along the jet than the VHE emission. 



Results for lES 1101-232 



B ased on the similarit y of the optical and X-ray characteristics of lES 1101-2 3 2 fjRemillard et al, 

1989 : Falomo et al. 1994) with previously known TeV blazars, Wolter et al. ( 200ol ) and 
Costamante fc Ghisellinil (120021 ) predicted that lES 1101-232 might be detect able by the now 



opera ting generation of VHE 7-ray detectors. Prompted by these predictions, lAharonian et al. 



( 120061 ) performed three sets of coordinated optical - X-ray - VHE 7-ray observations in 
2004 and 2005, which resulted in its detection at VHE 7-rays. This made lES 1101-232 
the highest-redshift BL Lac object detected in VHE 7-rays at the time (now surpassed by 
lES 1011+496 at ;z = 0.212. lAlbert et all koO'^ ) and the second-farthest VHE 7-ray source 
known, only topped by the quasar-type blazar 3 C 279 at z = 0.538, for which the MAGIC 
collaboration recently claimed a VHE detection (ITeshima et al.l 120071 ). The H.E.S.S. obser- 
vations of lES 1101-232 provided no evidence for variability at VHE 7-rays. Figs. [Hand [2] 
show the simultaneous optical - X-ray - VHE 7-ray spectra during two of the three H.E.S.S. 
observing windows, wher e the VHE 7-ray points have been corrected for 77 absorption by 
the IIBR as described in lAharonian et al.l (l2007al ). 



Unfortunately, all of the known observational facts on lES 1101-232 do not allow very 
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Fig. 1. — Simu ltaneous optical - X-ray - VHE 7-ray SED of lES 1101-232 on March 5 - 
16, 2005 (from lAharonian et al.l l2007al ). The VHE measuremen ts have been corrected for 
absorption by the IIBR as described in lAharonian et al.l (l2006l ). The optical data points 
are an upper and a lower R-band limit, res pectively, derived from s imultaneous ROTSE 3c 
observations in the 400 - 900 nm bandpass (lAharonian et al. Il2007ah. The curves indicate a 
model fit using an extended version of the code of iBottcher fc Chiang (|2002| ). The H.E.S.S. 
data have been fitted with T = 15, B' = 10 /iG, 7'^ = 100, = 6.0 x 10^ g = 1.5, and Ljet = 
1.5 • 10^^ ergs s~^. The individual curves represent: dot-dashed = CMB Compton; double- 
dot-dashed = SSC; solid = total emission from the VHE emitting region. The dashed curve, 
fitting the synchrotron component, has been computed with parameters more appropriate 



7.5 X 10^ q = 3.2, L 



jet 



to the inner-jet region, with F = 25, 7\ = 1.3 x 10^, 'y'2 
2.0 X 10^° ergs s~^, R'^ = 6-10^^ cm, and a magnetic field in equipartition with the relativistic 
electron plasma, at B' = 0.06 G. The X-ray/7-ray portion of the dashed curve represents 
the inner-jet SSC emission. 
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meaningful constraints on the parameters of the kpc-scale jets of lES 1101-232 beyond a 
constraint on the overall jet power: The power injected into the jet on kpc scales obvi- 
ously needs to exceed the observed radio power of the ext ended radio structure at 1.5 GHz, 



Pfg* ~ 3.8 X 10^° erg/s (iLaurent-Muehleisen et al.lll993l ). Following arguments presented 



for the X-ray emission from extended jets of other AGN, i ndica t ing that the jets remain 



highly relativistic ou t to kpc scales (e.g. iTavecchio et al.l l2000l : lAtoyan fc Dermerl |2004J : 
Schwartz et al.ll2006l ). we assume a characteristic Lorentz factor of T = D = 15. Based 



on the discussion in the previous section, an extension of the CMB Compton emission into 
the TeV regime requires electrons with energies up to 72 > 2.7 • 10^. In order for the (non- 
variable) synchrotron emission from the TeV emission region not to dominate the observed 
X-ray emission, a magnetic field of B' < 675 is required. 

In order to evaluate the resulting broadband spectrum from a relativistic jet component, 
we have incorporated the p rocess of CMB Conipton s cattering into the jet radiation transfer 
code described in detail in lBottcher fc ChiangI (120021 ). We used the head-on approximation 
for Compton scattering in the Thomson regime to treat the Compton scattering process and 
describe the CMB as a thermal blackbody at Tcmb = 2.72 (1 + z) K. 

A reasonable representation of the VHE 7-ray spectrum as shown in Fig. [1] can be 
achieved using an electron injection index of g = 1.5, a luminosity injected in relativistic 
electrons into the kpc-scale jet of Ljet = 1.5 x 10^^ ergs s~^, and a co-moving magnetic field 
of B' = 10 fiG. Obviously, these parameters are not tightly constrained, given that only 
the rather small spectral range of the VHE spectrum is fitted. The fits are insensitive to a 
low-energy cutoff 7^ of the electron spectrum, at least as long as 7^ < 10'^. The same choice 
of parameters provides an equally acceptable fit to the SED of June 5 - 10, 2004, as shown 
in Fig. H 

As expected (and required), the predicted synchrotron emission from the extended jet 
region is about two orders of magnitude below the measured SED for both observation pe- 
riods. In order to provide a fit to the synchrotron component of lES 1101-232, we chose 
parameters more appropriate for the inner (sub-pc) region of the jet, as listed in the figure 
captions. Note that the jet powers quoted there refer only to the power carried by the ultra- 
relativistic particle content. In the fits to the synchrotron component, we have chosen the 
magnetic field in equipartition with the ultrarelativistic electron population in the emission 
region in order to reduce the number of free parameters. 

Although the parameters for the fits to both the synchrotron and the VHE components 
are not very well constrained, the general picture that emerges is that the CMB-Compton 
interpretation for the VHE emission requires a substantially larger kinetic luminosity of 
ultrarelativistic electron injection into the emission region on large scales than inferred for 
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Fig. 2. — Same as Fig. [T], but for the SED of June 5 - 10, 2004. Here, optical and X-ra y 
data were obtained from simultaneous XMM-Newton observations (lAharonian et al.ll2007al ). 
Inner-jet parameters used for the synchrotron fit were: F = 25, 7']^ = 1.8 x 10^, = 1.5 x 10^, 
q = 2.5, Ljet = 1.45 x 10^° ergs s-\ R'j^ = 6 ■ 10^^ cm, and B' = 0.05 G. 
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the synchrotron component at sub-pc scales. This suggests that a substantial fraction of 
the total jet luminosity is carried out to large distances by the non-leptonic content of the 
jet. If our assumption of a magnetic field in equipartition with relativistic electrons on 
sub-pc scales is realistic, this would suggest that most of the kinetic power of the jet might 
be carried by hadrons and dissipated on pc - kpc scales, leading to the acceleration of 
ultrarelativistic electrons in the extended jet. This is in perfect agreement with results of 
several other authors, suggesting that the pc-scale jets of blazars are dominated in number by 
electron-positron pairs, responsible for the high-energy emission produced at sup-pc scales. 



(e.g. 


Sikora & Madeiski 


2000; 


Ghisellini & Celotti 


2001 


2005 


)• 



4. Summary and Discussion 



We have presented a possible explanation for the hard VHE spectra of high-redshift 7-ray 
blazars, when corrected for the expected amount of 77 absorption by the IIBR. We suggest 
that ultrarelativistic electrons may be accelerated on large (kpc) scales, where magnetic 
fields are so low that synchrotron cooling becomes negligible compared to Compton cooling 
on the CMB. Consequently, VHE emission from Compton upscattering of the CMB by 
ultrarelativistic electrons may produce a separate, slowly variable VHE component beyond 
the rapidly variable broadband continuum from radio through GeV 7-ray energies that might 
be dominated by emission from the sub-pc scale, inner regions of the jet. 

As of the time of writ ing of this manuscript, the VHE emissi on of most distant TeV 
blazars, e.g., lE S 1101-232 (lAharonian et al. I l2007ah . lES 0229+200 jAharonian et al.ll2007ch . 
lES 1011-1-496 ([Albert et al.ll2007l ). has not shown evidence for variability on any time scale, 
while the nearby TeV blazars show substantia l variability on time scales from years down 
to a few minutes (e.g. lAharonian et al.l l2007bl ) . This could indicate that CMB Compton 



scattering constitutes an underlying non-varying VHE component in TeV blazars, which 
would be more likely to be detected in high-redshift sources since the energy density of the 
CMB increases with redshift as (1 + z)^. However, one has to caution that small- amplitude 
variability would generally be much harder to detect for the much fainter high-redshift TeV 



sources. 



We have applied this idea to two simultaneous SEDs of lES 1101-232. Although the 
parameters of our fits are rather poorly constrained, they seem to indicate that only a small 
portion of the kinetic energy of the jet is dissipated on sub-pc scales, while the bulk of this 
energy is transported outward to kpc scales, in agreement with earlier suggestions that the 
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kinetic power of blazar jets might generally be dominated by their hadronic content and is 
only dissipated on large scales. 

Alternative explanations for the very hard VHE emissions include Compton upscat- 



tering of infrared emission from dust in the vicinity of the AG N fe.g.. iBlazeiowski et al. 



2OOOI ). or signatures of pion decay in hadronic blazar models (e.g., iMiicke et al.ll2003l ). How- 
ever, it should be noted that Compton scattering of infrared radiation with a characteristic 
wavelength of A = Ai /xm would also be affected by Klein-Nishina effects at energies of 
E > 0.2 Al TeV, so a photon index of Tint ~ 1.5 out to multi-TeV energies might be difficult 
to explain with this mechanism. It is also possible to produce VHE spectra of arbitrary 
hardness if they are affected by 77 absorption intrinsic to the source through interaction 
with narrow-band emission from the vicinity of the AGN (lAharonian et al.ll2008l ). However, 
it is not obvious why such a feature should be observed preferentially in high-redshift TeV 
blazars, and why it would lead to less variable TeV emission than in the low-redshift TeV 
blazars, if the lack of variability is confirmed by future observations. 

Our CMB-Compton interpretation for the VHE emission of lES 1101-232 is obviously 
not applicable to high-redshift VHE sources that seem to show subst antial variability on 
time scales of days or even shorter, e.g., 3C279 (ITeshima et al.l 120071 ) since it requires a 
pc-scale extent of the emission region. The interpretation of the unexpectedly hard VHE 
spectrum through such a scenario would predict that any emission at lower (GeV) energies 
might be produced in the inner (sub-pc) region of the jet and be much more rapidly variable 
than the VHE emission. Whether this is the correct interpretation for the hard spectrum 
of lES 1101-232 or not, a Compton-scattered CMB component from blazar jet emission will 
accompany synchrotron emission and could potentially be observed with 7-ray telescopes. 



We thank the referee for a very helpful and constructive report which helped to improve 
our manuscript substantially. The work of M. Bottcher as an ASEE Summer Research 
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